Introduction
Throughout adult life, multicellular organisms must generate new cells to maintain the structure and function of their tissues. In young animals, tissue damage can usually be repaired quickly, but this natural capacity may fail after repeated challenges and with age. Diseases such as cancer may usurp and exploit the mechanisms by which the body normally rebuilds itself. These considerations drive us to understand the mechanisms by which adult organs normally achieve tissue homeostasis and repair. The emerging picture is that different organs use different strategies to renew themselves, and that more diversity and flexibility underpin these renewal processes than previously imagined.
Some organs, such as hair follicles, blood and gut, which constantly renew themselves throughout life, contain adult stem cells that are morphologically unspecialized, have a relatively low rate of division and are topologically restricted to localized regions known as 'niches' that tightly regulate their behavior Lanza, 2006) . These 'dedicated' stem cells (see Box 1) undergo long-term self-renewal. They also produce a population of transit amplifying (TA) daughter cells (see Box 1) that have a high rate of proliferation, can self-renew over the short term and give rise to precursors of all or many of the differentiated cell types of the organ. These concepts are now well established (Fig. 1) . However, recent research has emphasized that the classical hierarchy of the tissue-specific stem cell, TA cells and differentiated cells is not always rigid and irreversible (Raff, 2003) . For example, the commitment of cells to a specific fate may occur gradually, so that if stem cells are ablated, some early TA cells may enter the empty niche and function as stem cells (Kai and Spradling, 2004; Potten, 2004) . TA cells may also be able to change their fate to give rise to cells of another tissue type when exposed to appropriate signals. One striking example occurs when cells from the central cornea of the adult rodent eye, well away from any stem cells, are grafted onto dermis from embryonic skin. Over several days they proliferate, express different genes and generate hair follicles and sebaceous glands, presumably with associated stem cells (Pearton et al., 2005) . This process is known as 'transdifferentiation' -a term that needs careful use according to its context (see Box 2).
In contrast to rapidly renewing organs such as the skin and gut, some organs apparently maintain themselves without the aid of an undifferentiated stem cell population. Evidence for this concept comes from recent experiments in which insulin-producing ␤-cells of the adult mouse pancreas were labeled with a heritable genetic marker and followed during normal turnover and regeneration after partial pancreatectomy (Dor et al., 2004) . Likewise, in the liver, turnover and regeneration after hepatectomy involves the division of differentiated hepatocytes. However, if hepatocyte proliferation is inhibited, interlobular bile duct cells can replenish the hepatocyte population (Alison et al., 2004) . Such observations have engendered the concept of 'facultative' stem cells -normally quiescent differentiated cells that can act as stem cells after injury, perhaps by recapitulating processes that are active during development (see Box 1).
The adult lung is a vital and complex organ that normally turns over very slowly. The epithelial cells that line the airways are constantly exposed to potential toxic agents and pathogens in the environment, and they must therefore be able to respond quickly and effectively to both cellular damage and to the local production of immune cytokines. Over the years, several experimental protocols have been developed in mice that mimic the injuries and rapid repair processes elicited in the lung by environmental challenges. The picture that is emerging from these models is that different regions of the respiratory system -the trachea and large airways, and the distal bronchioles and alveoli -use different kinds of stem cells and strategies for maintenance and repair. Moreover, there is evidence that differentiated epithelial cell types are able to proliferate and transdifferentiate in response to some conditions. However, the precise mechanisms involved in any of these processes are still very unclear.
This review summarizes some recent findings, and outlines the challenges and opportunities for future research into lung turnover and repair. These findings are likely to be relevant to other organ systems that do not exactly fit the well-described examples of skin/bone marrow/gut and islets/liver. In particular, we suggest how concepts and tools familiar to developmental biologists may help elucidate some of the outstanding problems. Examples include the use of new technologies for lineage analysis in mice (Metzger and Chambon, 2001) , and tissue recombination experiments to test the developmental potential of isolated cells (Pearton et al., 2005; Xin et al., 2003; Xin et al., 2005) . Furthermore, work on the reciprocal interactions between mesenchymal, endothelial and epithelial cells during development will inform studies on the interplay between niche cells and stem cells in adult tissues (Lammert et al., 2003) . Finally, studies into the role of cell shape changes, asymmetric cell division and cell-matrix interactions in regulating gene expression in the embryo may help us to elucidate the changes that are taking place in adult tissues when they are undergoing repair and regeneration (Keller, 2005; Li et al., 2003; Nguyen et al., 2005) .
Structure of the normal adult lung epithelium
The lung has a complex three-dimensional structure that features major differences along its proximodistal axis in terms of the composition of the endoderm-derived epithelium (Fig. 2) . The trachea and primary lung buds arise by different morphogenetic processes from contiguous regions of the embryonic foregut (Cardoso and Lu, 2006) . In the adult mouse trachea and primary bronchi (cartilaginous airways), the luminal epithelium contains two main columnar cell types: ciliated cells and Clara-like cells (Fig. 2) . The latter produce secretoglobins, the most abundant of which is Scgb1a1 (also known as CCSP, CC10 or CCA). A small number of innervated neuroendocrine (NE) cells are also present. In the adult mouse, mucous-producing cells are restricted to a few submucosal glands in the upper airway. The epithelium of the submucosal glands is continuous with the luminal epithelium and contains ciliated and basal cells. A distinguishing feature of the cartilaginous airways is that they contain a discontinuous population of relatively unspecialized basal cells that express p63 (Trp63 -Mouse Genome Informatics) and specific keratins (K14 and K5). These cells do not appear in the trachea until around birth and after the differentiation of ciliated and secretory cells. Tracheas of p63 -/-embryos lack basal cells but do have a columnar epithelium that contains predominantly ciliated cells (Daniely et al., 2004) .
In the more distal airways (small bronchi and bronchioles) (Fig.  2) , the epithelium is columnar. Clara cells predominate over ciliated cells and there are more NE cells than in the trachea. Importantly, however, there are no basal cells, so that they cannot be involved in local turnover and repair (Pack et al., 1981) .
The most distal region of the lung is organized into a complex system of alveoli (Fig. 2) . There are two types of epithelial cell here: type I cells, which provide the thin-walled gas exchange surface; and cuboidal type II cells. The latter contain numerous secretory vesicles (lamellar bodies) filled with surfactant material, including surfactant-associated protein C or Sftpc. The transitional region between the terminal bronchioles and the alveoli is known as the bronchioalveolar duct junction (BADJ).
Currently, the identification of these different epithelial cell types relies largely on the expression of secreted proteins, which is not ideal for sorting cells by flow cytometry. Progress is being made in
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Development 133 (13) (Watt and Hogan, 2000) . REVIEW Development 133 (13) finding better markers for distinguishing and sorting different lung epithelial cell types (e.g. Kim et al., 2005; Reynolds et al., 2002) . However, there may be important subpopulations of cells that are missed at present. We are a long way from having a molecular signature for each of the cell types of the adult lung and there is a pressing need for a comprehensive public database of cell type gene expression.
Lung turnover is normally slow
Estimates for the turnover time of the mouse airway epithelium vary widely. This may reflect differences in the health and pathogen status, strain and age of individuals (Wells, 1970) . Lung size in rodents keeps constant pace with body size, so that mouse lungs continue to grow throughout life, although the rate slows with age (Thurlbeck, 1975) . However, the consensus is that the turnover time of the tracheal-bronchial epithelium of adult rodents is more than 100 days (4 months) (Blenkinsopp, 1967) . By comparison, the gut, which is also endodermally derived, has an estimated turnover time of 4 days.
The clearest studies of steady-state maintenance of the lung have involved pulse/chase experiments with tritiated thymidine ([ 3 H]-TdR). In the proximal airways (trachea/bronchi), this approach has identified basal and secretory (Clara-like) cells as the dividing cells and the ciliated cells as their descendents (Breuer et al., 1990; Donnelly et al., 1982; Kauffman, 1980) . However, this method cannot be used to determine conclusively whether it is the basal or Clara cells that give rise to the ciliated cells and whether the relationship is the same in different regions of the lung. ([ 3 H]-TdR incorporation at steady state in airways lacking basal cells has not been closely studied.) The best way to define lineage relationships is to use Cre/lox genetic labeling to follow the descendants of specific cells. For example, the inducible expression of Cre recombinase could be used to activate a heritable reporter gene specifically in Scgb1a1-expressing (Clara and Clara-like) cells and to ask which cell types subsequently acquire the label. In addition, one can ask whether there is a substantial dilution of the label in the population over time, as expected if Clara-like cells are continually replaced from a pool of unlabeled stem cells (Dor et al., 2004) .
'Mucous metaplasia' in the adult lung Genetic lineage tracing would also help to clarify the current confusion over the mechanisms that underlie the phenomenon loosely called 'mucous metaplasia' that is seen in adult mice challenged with aerosolized allergens, and probably involves the local production of inflammatory cytokines, such as interleukin 13 (Williams et al., 2006) . In the normal adult mouse lung, there are few mucous-secreting cells outside the submucosal glands, although some are seen in the early postnatal lung (Rawlins and Hogan, 2005) . However, a few days after antigen exposure, large numbers can be found in the trachea and large airways. One idea is that these are derived by the 'direct transdifferentiation' (see Box 2) of ciliated cells or Clara cells, as cells have been observed by electron microscopy that contain both cilia and large numbers of mucouscontaining vesicles (Evans et al., 2004; Hayashi et al., 2004; Reader et al., 2003; Tyner et al., 2006) . Some of the other hypotheses are that the formation of mucous cells involves the differentiation of progenitor cells, and/or the proliferation and de-differentiation of differentiated cells. Distinguishing between these mechanisms would improve our understanding of the origin of the large numbers of goblet cells that are found in humans with conditions such as chronic asthma.
Evidence for lung stem cells from ex vivo studies
In the hematopoetic system, it is possible to test the ability of cells to restore all the blood cell lineages by injecting them intravenously into an irradiated host. Likewise, dissociated hepatocytes can repopulate the damaged liver after injection into the portal vein, and clonal analysis can be achieved in this system using retrovirally labeled cells (Overturf et al., 1999) . Recent studies have shown that a complete mouse mammary gland can be grown from a single adult epithelial cell implanted into a mammary fat pad (Shackleton et al., 2006) . There are currently no such in vivo tests for the potency of lung cells. However, two ex vivo systems have been used to examine the regenerative potential of isolated lung epithelial cells: the rat tracheal xenograft model and cell culture. These systems are particularly useful because they can be applied to the study of human adult and fetal airway epithelial cells, including tracheal cells and nasal polyps, as discussed below (Dupuit et al., 2000) .
Rat tracheal xenograft model
In this model, epithelial cells isolated from a donor airway epithelium are dissociated and seeded onto the surface of a host rat trachea that has been denuded of endogenous epithelial cells by freeze-thawing. The trachea is then grafted subcutaneously into an immunodeficient mouse. Several weeks later, a well-differentiated, normal airway epithelium with a few submucosal glands is restored (Fig. 3) ; whether this organization can be maintained over the long term is not known. Two kinds of studies have been carried out with this model. First, retroviral labeling has been used to follow retrospectively the proliferative and differentiation potential of single epithelial cells within the seeding population. When adult human bronchial epithelial cells were used, the largest and most frequently labeled clones contained basal, ciliated and goblet cells. However, clones consisting of subsets of these cell types also formed (Engelhardt et al., 1995) . These results illustrate that there are both multipotent cells and lineage-restricted progenitor cells in the human airway epithelium.
The second experimental approach has been to sort the donor cells into basal and non-basal populations and then to follow their ability to reconstitute the surface epithelium. The results from such studies
Box 2. Transdifferentiation
This refers to the transformation of one well-defined type of fully differentiated cell into another well-defined type. In this review, we refer to 'direct transdifferentiation' as the transformation from one phenotype to another without an obligatory round of cell proliferation. 'Transdifferentiation with proliferation' requires at least one intervening round of cell proliferation. The direct mechanism is more likely to involve the transient existence of a cell that co-expresses differentiation markers of both old and new phenotypes. By contrast, the mechanism that involves proliferation is more likely to involve the transient existence of a 'dedifferentiated' cell, which has a pattern of gene expression that is different from either the initial or final cell type. Some stem cell researchers have applied the term 'transdifferentiation' to 'the ability of a particular cell of one tissue…including stem or progenitor cells, to differentiate into a cell type characteristic of another tissue' (see www.isscr.org/glossary/index.htm). This much looser definition really describes a phenomenon that is known as 'transdetermination' when it occurs in embryos and as 'metaplasia' when it occurs in adults.
have so far been very variable. Some suggest that both populations can restore the tracheal epithelium equally well (Avril-Delplanque et al., 2005; Liu et al., 1994) . However, others have found that only columnar cells (Johnson and Hubbs, 1990) or only basal cells (Ford and Terzaghi-Howe, 1992) can restore all of the epithelial cell types. These discrepancies may be due to differences in sorting methods, donor species or the length of time allowed for epithelial repopulation. In spite of these differences, and the urgent need for better methods of sorting tracheal cell populations, these results suggest that both the columnar and basal cells can restore the tracheal epithelium in the xenograft model. These xenograft studies are limited by the fact that the host tracheal mesoderm is dead and may not provide an ideal environment for the survival and differentiation of all donor lung cells. A potential alternative, which has been very informative in other organ systems, would be to place dissociated adult lung epithelial cells together with embryonic lung mesenchyme and then graft the recombinants under the kidney capsule of immunocompromised mice. In this environment, the grafts are readily vascularized. Indeed, recent studies in which intact embryonic lungs have been grown in this way have demonstrated that the close association between blood vessels and alveolar precursors, which is crucial for their normal development, occurs with high efficiency (Vu et al., 2003) . The potential of this grafting technique is well illustrated by recent studies on stem cells and regeneration in the postnatal prostate epithelium, another endodermally derived tissue. By combining genetically marked and unmarked prostate epithelial cells with embryonic mesenchyme, it has been shown that an entire tubule could be derived from a single cell and that cells with regenerative capacity can be sorted based on surface markers (Xin et al., 2003; Xin et al., 2005) . Like the trachea, the prostate contains p63-positive basal cells, although these are present before the appearance of differentiated secretory cells. Interestingly, if endodermal cells from a p63-null mouse mutant prostate are used in the graft, a proportion of the epithelial cells differentiate abnormally into mucous-producing cells (Kurita et al., 2004; Signoretti et al., 2005) . This unexpected finding suggests that in the prostate, p63 is required in the basal cells to maintain the normal organization and fate of the columnar cells.
In vitro cell culture
In vitro culture offers many opportunities for studying epithelial stem cells. For example, the technique has long been used to assay the ability of adult epidermal keratinocytes to generate clonal colonies. Moreover, culture conditions have been developed that allow the massive expansion of human epidermal keratinocytes that support long-term survival and differentiation when grafted on to burn patients (Lanza, 2006) . The development of in vitro clonogenic assays for lung epithelial cells is only in its infancy. The challenge has been to devise culture conditions in which adult airway epithelial cells, and in particular mouse cells, marked with a cell-autonomous genetic reporter, can reproducibly differentiate into secretory,
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Development 133 (13) (13) ciliated and basal cells. One system involves seeding dissociated airway epithelial cells on to membranes and culturing them at an airliquid interface. By mixing genetically marked tracheal cells isolated from Rosa26 mice (which ubiquitously express lacZ) with unmarked 'stuffer' cells, it has been possible to identify colonies derived from single cells. In these experiments, the largest colonies (derived from about 0.1% of the population) contain differentiated columnar epithelial cells, including ciliated cells, as well as basally orientated cells (Schoch et al., 2004) . This assay system was also used to compare the proliferative capacity of basal and non-basal cells. Basal cells, sorted by flow cytometry on the basis of the expression of eGFP from a keratin5 promoter, formed the larger colonies. Taken together, the results support the idea that the tracheal basal cells are stem cells in vivo. One of the main limitations of this assay is that it does not support the reproducible differentiation of all epithelial cell types, but future improvements may come from modifying culture conditions and using feeder layers.
In vitro culture has recently been used to test the differentiation potential of putative stem cells located at the BADJ of the mouse lung (Fig. 2) . These cells have been termed bronchioalveolar stem cells or BASCs (Kim et al., 2005) (as discussed later in the review). Small numbers of cuboidal cells have been identified immunohistochemically in the BADJ that co-express both secretoglobin 1a1 (Scgb1a1, a secreted product of Clara cells) and surfactant protein C (Sftpc). Sftpc is a major secreted product of type II alveolar cells but is expressed, at low levels, by early embryonic lung epithelial cells (Khoor et al., 1994) . The BASCs are also positive for the surface glycoprotein, CD34. This is commonly, but not exclusively, expressed on somatic stem cells, for example, on mouse hair follicle and hematopoietic stem cells. The Sftpc/Scgb1a1-positive cells were then cell sorted, based on being Sca1 positive, CD34 positive and being CD45 negative, Pecam negative. Single cells were cultured on a feeder layer of mouse embryonic fibroblasts, expanded and then cultured on a Matrigel substrate where they gave rise to cells that expressed markers for either Clara cells, type I cells or type II cells. Taken together, these results suggest that BASCs, as defined by their surface markers, have the potential to divide in culture and are multipotent. What is needed now is evidence that these cells function as stem cells in vivo. The authors do show that dualpositive Sftpc/Scgb1a1 cells are the first cells to proliferate in the naphthalene lung injury model, which is described below. Moreover, cells with the same characteristics are expanded in adenocarcinomas of the bronchioalveolar junction that are induced by activated K-ras expression (Kim et al., 2005) . However, although the identification of putative BASCs is very promising, the evidence for their self-renewal and multipotency in vivo is still preliminary.
The response of lung epithelial cells to injury
Although the normal lung turns over very slowly, it is able to respond rapidly to specific injuries that mimic damage caused by environmental or infectious agents. There is some strain dependence in the efficiency of this injury/regenerative response (e.g. Lawson et al., 2002) 
Injury by naphthalene
A popular lung injury model is the destruction of Clara cells by naphthalene. This aromatic hydrocarbon is usually administered by intraperitoneal injection, from where it reaches the lungs through the bloodstream. Only those cells that express cytochrome P4502F2 (encoded by Cyp2f2) are killed by the naphthalene, which is converted to toxic epoxides in such cells. Although there are some strain and dose variations in the response (Lawson et al., 2002; Plopper et al., 1992) , the sequence of events is approximately as follows. Within a few hours nearly all the Clara cells die, leaving intact the few Clara cells that do not express Cyp2f2 and are therefore resistant (Fig. 6) . The ciliated cells quickly spread out, or squamate, under the dying Clara cells in an attempt to cover the basal lamina and maintain the permeability barrier of the epithelium. In doing so, they internalize and disassemble their cilia in a very specific way (Lawson et al., 2002; Van Winkle et al., 1999) . Cell proliferation begins 2-3 days after injury, and by 2-4 weeks, the epithelium has returned to steady state (Stripp et al., 1995; Van Winkle et al., 1995) . The NE cells appear to increase in number after the injury through self-renewal (Reynolds et al., 2000a; Reynolds et al., 2000b; Stevens et al., 1997) , a process that may be driven by sonic hedgehog (Shh) signaling (Watkins et al., 2003) . However, different mechanisms appear to operate for the renewal of the Clara cells and increase in ciliated cells, depending on the region of the lung in which the repair occurs, as discussed below.
Response to naphthalene injury in the proximal lung
In the trachea and main bronchi, there is good evidence that basal cells function as stem cells in repairing the destruction of the Clara cells by naphthalene. This evidence comes from the first in vivo genetic lineage labeling studies to be carried out in the adult lung, illustrating the power of this approach (Hong et al., 2004a; Hong et al., 2004b (Liu et al., 1994) . As the tamoxifen was given after the injury, these experiments strongly support the idea that basal cells are stem cells but they do not formally rule out a role for other cells in which K14 expression is activated during the injury response. In addition, they do not exclude a role for columnar cells (including ciliated cells) in the repair process. (1) Variant Clara (Clara V ) cells adjacent to neuroendocrine bodies (NEBs) and at bronchioalveolar junction (blue/pink or blue/yellow), which are resistant to naphthalene and proliferate soon after injury by this agent. If all Clara cells are destroyed, there is no repair and the mice die. (2) Putative bronchioalveolar stem cells (BASCs) (blue/yellow), which self-renew in culture after flow sorting and give rise to multiple lineages in culture. These may be the same as Clara Response to naphthalene injury in the distal lung
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In the more distal lung (Figs 2, 5) , where there are no basal cells, there is evidence that the Clara cell population is restored by the proliferation and self-renewal of a small number of resistant or 'variant' (Clara V ) cells that survive naphthalene injury. These are a label-retaining subpopulation of Clara cells located adjacent to clusters of neuroendocrine bodies (NEBs) in the bronchi/bronchioles (Hong et al., 2001; Stripp et al., 1995) or at the BADJs, where there are very few NEBs (Giangreco et al., 2002; Hong et al., 2001; Stripp et al., 1995) . The latter may be the same as the putative BASCs discussed earlier that co-express Sftpc and Scgb1a1, and proliferate after naphthalene injury (Kim et al., 2005) (Figs 2, 5) . Clara V cells are resistant to naphthalene injury because they do not express the enzyme Cyp2f2, a member of the cytochrome P450 family that converts naphthalene to a toxic product. This lack of expression may reflect a less differentiated state of the cells relative to the majority of the Clara cell population. If Clara V (and putative BASCs) can be shown to selfrenew and give rise to differentiated progeny during the slow turnover of the normal lung, then they could be classified as dedicated stem cells, rather than as facultative stem cells that are called into action only in response to injury (see Box 1). They would differ from more 'classical' undifferentiated stem cells (Fig. 1 ) only in that they express markers of differentiated cell types (calcitonin gene-related peptide and Scgb1a1 in the case of Clara V cells, and Sftpc and Scgb1a1 in the case of BASCs). The potential role of Clara V cells in homeostasis and repair of the distal lung is illustrated in Fig. 7 .
The precise mechanisms that underlie the self-renewal of Clara V cells and the lineage diversification of their progeny are currently unknown. In addition, the question remains as to whether Clara V (and BASCs) are the only cells that self renew in the steady state and after naphthalene injury. To address this issue, Reynolds and colleagues killed all of the Clara cells in the lung by giving ganciclovar to a transgenic mouse strain expressing the herpes simplex thymidine kinase specifically in Clara cells (Hong et al., 2001; Reynolds et al., 2000b) . After this procedure, the airways could not be repaired. This result argues that ciliated cells cannot give rise to Clara cells, but it does not exclude the self-renewal of ciliated cells. Indeed, the role of ciliated cells in the response to naphthalene injury is contentious. In one set of studies, no evidence for proliferation was seen (Reynolds et al., 2000a) . However, others have claimed that the squamated (flattened) ciliated cells do indeed proliferate 48 hours after naphthalene injury (Park et al., 2005) . Moreover, they argue that some of these cells undergo transdifferentiation to non-ciliated columnar cells. In other words, the authors of this study claim that, after injury, the ciliated cells can both self-renew and give rise to another lineage, i.e. they behave as stem cells. If ciliated cells do not normally self-renew and are quiescent, they could be considered, under these conditions, to be facultative stem cells. The only way to determine for certain whether ciliated cells do indeed transdifferentiate after naphthalene injury, and whether Clara V and BASCs are the only cells that can function as stem cells in the steady state and after injury is to carry out lineage tracing studies in vivo.
Repair after damage by inhaled oxidants
Although naphthalene injury has been used to study the regeneration of Clara cells in the lung, other models specifically destroy ciliated cells or type I alveolar cells. These include inhalation of oxidants such as NO 2 and ozone (which selectively kill ciliated cells) and administration of the chemotherapy agent, bleomycin (which kills type I cells). To summarize briefly (see Figs 4 and 5), these studies suggest that ciliated cells can be regenerated from Clara cells, and type II cells give rise to type I cells. Again, these findings need to be confirmed by in vivo lineage studies (Aso et al., 1976; Barth and Muller, 1999; Evans et al., 1975; Evans et al., 1986) . It is also unclear whether all type II cells have the capacity to give rise to type I cells, or only those in specific regions, such as BASCs. 
Injury by sulfur dioxide
Both the naphthalene and oxidant exposure models injure only subsets of epithelial cells in the lung. To produce more extensive damage, investigators have used SO 2 inhalation in mice (Borthwick et al., 2001) . This destroys the majority of the pseudostratified epithelial cells in the upper trachea, leaving behind protected cells in the surface layer and submucosal glands, and in patches of denuded basement membrane. Within 7 days, full repair has taken place and a morphologically normal epithelium is re-established. To identify any dedicated stem cells in this model, the investigators relied on the assumption that such cells divide infrequently and retain a DNA label over a long chase period. They therefore exposed experimental animals to repeated rounds of SO 2 and BrdU, so that almost every epithelial cell became labeled. After a chase of up to 95 days (~3.5 months), small groups of label retaining cells (LRCs) were localized either to the collecting ducts of the submucosal glands or to the surface epithelium in the inter-cartilage regions. Morphologically, the LRCs in both regions appear to be basal cells. Evidence that these cells actually proliferate in response to injury, self renew and give rise to ciliated and Clara cells in vivo awaits lineage-tracing studies. However, the idea is supported by the cell culture and naphthalene recovery experiments discussed earlier. Moreover, a xenograft model in which the surface epithelium was completely denuded, leaving behind the submucosal glands, showed that cells in the ducts of these glands can repopulate the entire tracheal surface (Borthwick et al., 2001) .
Potential niches for lung stem cells
In the experiments described above, LRCs appear to cluster in the intercartilage regions, which are particularly well supplied with blood vessels and nerves. Indeed, it has been suggested that these non-epithelial cells are components of a special 'tracheal niche' that regulates the activity of dedicated stem cells (Borthwick et al., 2001 ). More distally, it has been suggested that the NEBs may serve as a niche for the Clara V cells, and that the BADJ region may serve as a niche for the putative BASCs (Giangreco et al., 2002; Reynolds et al., 2000a) . Both of these regions are well supplied with blood vessels, and the NEBs are innervated. These ideas are certainly in line with studies in other systems such as the hair follicle, intestine, bone marrow and brain, where there is good molecular evidence for regulatory signaling between the stem cells and surrounding (non-epithelial) cells (Botchkarev and Sharov, 2004; Calvi et al., 2003; He et al., 2004; Lie et al., 2005) . For example, many of the genes active in hair follicle stem cells are components of the Wnt, Bmp and Fgf intercellular signaling pathways (Rendl et al., 2005; Tumbar et al., 2004) . These have been shown to play crucial roles in intercellular signaling in lung development (Bellusci et al., 1997; Cardoso and Lu, 2006; Del Moral et al., 2006; Eblaghie et al., 2006; Shu et al., 2005; Weaver et al., 2003; Weaver et al., 2000) and are likely components of any localized stem cell niche in the trachea and distal airways. However, it should also be noted that blood vessels and nerves are closely associated with the basal lamina that underlies the epithelium along the entire airway system. Consequently, signaling between these two populations and also inflammatory cells could also regulate the potential self-renewal of differentiated or TA cells during the response to injuries and inflammation.
It is in this area of research -the control of stem cell behavior by the niche -that developmental biology is likely to have a particularly strong impact. For example, there is mounting evidence for the importance of endothelial cell signaling to adult stem cells (Paris et al., 2001; Shen et al., 2004) . Developmentally, there are now clear examples of endothelial cells that regulate the proliferation and differentiation of organ primordia (liver, pancreas) and also organ morphogenesis (kidney) (Jacquemin et al., 2006; Lammert et al., 2003; Matsumoto et al., 2001; Yoshitomi and Zaret, 2004) . Similarly, developmental biologists have elucidated complex gene regulatory networks involving crosstalk between a variety of signaling pathways that control progenitor cell proliferation and differentiation (Levine and Davidson, 2005) . It is clear that highly related networks of interacting genes and signaling pathways regulate stem cell self-renewal versus differentiation and quiescence versus proliferation (Ivanova et al., 2002; Ramalho-Santos et al., 2002) ; studies in one system can only promote understanding in the other.
Role of other cell lineages in epithelial repair?
Several studies have suggested that cells from the bone marrow can differentiate into lung epithelial cells after intravenous injection into a mouse that has received a lung injury (Kotton et al., 2001; Krause et al., 2001; Macpherson et al., 2005; Theise et al., 2002) . Indeed, it has been claimed that these exogenous cells can transdifferentiate into alveolar type II and I cells. Naturally, these findings have given rise to the hope that human lung diseases will one day be treated using stem cells derived from the bone marrow. However, these results in the lung, as in other tissues, are still very controversial (Raff, 2004) . The role of exogenous cells in lung repair was recently tested using donor bone marrow-derived cells from a mouse line carrying in its genome a transgene that drives GFP from a type II alveolar cell-specific (Sftpc) promoter. Sophisticated imaging techniques demonstrated that the bone marrow-derived cells did indeed engraft in the lung at a low frequency. However, these cells did not express the lung-specific transgene (Chang et al., 2005) . These data argue against the donor cells contributing directly to Sftpc-expressing host lung epithelium.
In spite of their apparent inability to contribute to functional lung epithelium directly, it is still possible that bone marrowderived cells can aid in the repair of chemically induced lung injury (Ortiz et al., 2003; Rojas et al., 2005) . For example, myelosupressed mice-treated with bleomycin and subsequently with an injection of bone marrow derived-cells had a better survival rate and lung morphology than controls (Rojas et al., 2005) . The exact role of the bone marrow-derived cells is not yet clear, although their effect is apparently out of all proportion to the number that actually engraft into the lung. Perhaps these cells can secrete factors that affect the endogenous lung epithelial cells, raising the interesting possibility that circulating cells are part of the stem cell 'niche' discussed above. Indeed, recent work on mechanical injury in the colon has demonstrated that the macrophages (themselves activated by the natural gut microorganisms) provide an essential signal to activate proliferation of the stem cells (Pull et al., 2005) . Such studies are important for the lung because, in the short term at least, it may be easier to modulate the composition of the niche to promote repair than to provide exogenous cells to replace the injured epithelium.
Conclusions
The picture that is emerging from studies on the response of the lung to injury is that the organ makes use of several different strategies for homeostasis and repair. In the proximal lung (trachea and main bronchi) it is likely that undifferentiated basal cells can function as classical stem cells, both self-renewing and giving rise to ciliated and REVIEW Development 133 (13) REVIEW Development 133 (13) secretory cells. However, Clara cells can also give rise to ciliated cells after these are damaged by oxidants, and the potential selfrenewal of Clara cells and even ciliated cells in the steady state has not been ruled out. In the more distal lung, where there are no basal cells, the evidence suggests that subpopulations of Clara cells (Clara V and BASCs) in specific micro-environments can self-renew and give rise to different cell types after injury. Whether they behave as dedicated stem cells in the steady state is not yet known, and whether ciliated cells can proliferate and transdifferentiate, are still unanswered questions (Fig. 7) . Finally, in the alveoli, damaged type I cells can be restored from type II cells, although whether all type II cells have this capacity is not yet known. The diversity of strategies for repair, and the different classes of stem cells in the lung, are in sharp contrast to the situation in the intestine. Here, only a few stem cells are present near the base of the crypts, and they and the TA population derived from them appear to be responsible for replenishing the entire epithelium. This difference probably reflects the fact that cell turnover in the lung is normally very low, so that a conveyor belt type mechanism for constantly and rapidly renewing the epithelium is not required. However, when injury to the epithelium of the lung does occur it has to be repaired as quickly as possible. In this case, a situation in which multiple cell types can proliferate and function as progenitors for repair is probably an advantage.
Although a general picture of epithelial turnover and repair in the lung is gradually emerging, many challenges still remain. For example, we have indicated in several sections the need for more phenotypic markers for lung cells to allow their unambiguous identification and efficient sorting by flow cytometry. There may still be important subpopulations of epithelial cells that are completely missed. We also need more genetic tools to follow cell fate and lineage relationships both in the embryo and the adult. Another pressing challenge is devising better systems to assay the developmental potential of isolated adult lung epithelial cells and rapidly testing the function of genes activated or repressed in the process of repair. Finally, we need to know more about the interactions between epithelial and non-epithelial cell populations during homeostasis and in response to injury. Answers to these and other questions are likely to come from many different directions. Among these are the application of ideas and principles derived from basic research in developmental biology.
